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Several forms of the intermediate states in the reduction of
molecular oxygen in cytochrome c oxidase have been characterised
with quantum chemical calculations. In combination with experi-
mental data the computational results provide new answers to
important questions connected to proton pumping and energy
conservation in aerobic respiration. Cytochrome c oxidase (CcO),
the terminal enzyme in the respiratory chain, is located in the
mitochondrial or bacterial membrane. It uses electrons from
cytochrome c to reduce molecular oxygen to water in an exergonic
process. The reaction is electrogenic and coupled to proton
pumping, resulting in efﬁcient conservation of the free energy in
the form of an electrochemical gradient across the membrane.
Experimental information shows that in the A-family CcO one
proton is pumped per electron, but at the same time some reduction
steps seem to have a too low reduction potential to afford proton
pumping. For some of the intermediates several different forms
have been described in the literature. Experiments further indicate
that the proton pumping is uncoupled in some of these forms. On
the basis of the computational results, the following proposals are
made: — A detailed mechanism for the oxygen reduction is
presented, suggesting the involvement of a tyrosyl radical in several
reduction steps. — Different forms of the intermediates are
described, with particular emphasis on the variation in their redox
properties. — Energetics of the entire catalytic cycle is presented,
and the feasibility of proton pumping in all reduction steps at high
gradient is discussed. — An explanation of the two experimentally
observed proton uptake channels is suggested.
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Cytochrome bd is a prokaryotic respiratory quinol:O2 oxidore-
ductase, phylogenetically unrelated to the extensively studied
heme–copper oxidases (HCOs) [1]. The enzyme contributes to
energy conservation by generating a proton motive force, though
working with a lower energetic efﬁciency as compared to HCOs.
Relevant to patho-physiology, members of the bd-family were
shown to promote virulence in some pathogenic bacteria, which
makes these enzymes of interest also as potential drug targets.
Beyond its role in cell bioenergetics, cytochrome bd accomplishes
several additional physiological functions, being apparently impli-
cated in the response of the bacterial cell to a number of stress
conditions [2]. Compelling experimental evidence suggests that the
enzyme enhances bacterial tolerance to oxidative and nitrosative
stress conditions, owing to its unusually high nitric oxide (NO)
dissociation rate [3,4] and a notable catalase activity; the latter has
been recently documented in one of the two bd-type oxidases of
Escherichia coli [5]. In the light of this information, we speculate
that the preferential (over HCOs) expression of cytochrome bd in
pathogenic bacteria may represent a strategy to evade the host
immune attack based on production of NO and reactive oxygen
species.
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